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ABSTRACT
I found 44% suppression of succinate-fuelled liver mitochondrial respiration in
torpid 13-lined ground squirrels compared to interbout euthermia (IBE). Palmitoyl CoA,
predicted to suppress respiration by inhibiting succinate transport at the dicarboxylate
transporter (DCT), reduced respiration by ~70%, while butylmalonate, a known inhibitor
of the DCT, only inhibited respiration by ~40%. In both cases inhibition of respiration
proportionally affected both torpid and IBE mitochondria, suggesting that the DCT is
likely not already inhibited in torpid mitochondria. The addition of carnitine, predicted to
reverse suppression by facilitating transport of palmitoyl CoA into the mitochondrial
matrix, had no rescuing effect on the respiration rates of mitochondria treated with
palmitoyl CoA, nor did it increase the respiration rate of torpid mitochondria. Though
palmitoyl CoA inhibits succinate-fuelled respiration, suppression may not be exclusively
related to inhibition of succinate transport at the DCT, and is likely inhibiting additional
mitochondrial transporters such as the adenine-nucleotide transporter.

Key Words: Mitochondria, Hibernation, Dicarboxylate Transporter, Long-chain acyl
CoA, Palmitoyl CoA, Carnitine.
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EPIGRAPH

“Dude, sucking at something is the first step to becoming sorta good at something.”
- Jake the dog, Adventure Time
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CHAPTER 1
INTRODUCTION
1.1 Hibernation
Due to planetary rotation and tilt, ambient temperatures across the world are by no
means constant, and seasonal fluctuations are an inescapable challenge for life on Earth.
Biochemical reaction rates are directly proportional to temperature, including the
enzymatic reactions occurring within the bodies of animals (Hochachka and Somero,
2002). For poikilothermic ectotherms, organisms with low metabolic rate (MR) that allow
their internal body temperature (Tb) to vary with ambient temperature, the rate of internal
reactions is acutely vulnerable to fluctuations in ambient temperature (Hill et al., 2008).
As a result, ectotherms are typically limited by behavioural thermoregulation to maintain
a preferable body temperature, limiting their distribution and activity in cooler
environments (Hill et al., 2008). Alternatively, homeothermic endotherms actively
maintain a fairly constant Tb, independent from ambient temperature using internally
generated heat (Bennett and Ruben, 1979). Although this endothermic strategy requires a
considerably higher MR, its presumed advantage is that rates of enzymatic activity do not
necessarily depend on ambient temperature, and function reliably within a particular
temperature range, enabling sustained activity independent of fluctuations in habitat
temperature (Hochachka and Somero, 2002). However, endothermy is energetically
costly; a typical endotherm needs to consume as much as 10-fold more calories than a
similarly sized ectotherm (White et al., 2006). While ectotherms can go for long periods
without eating, typical endotherms need to eat frequently to meet their high caloric
requirements.
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When ambient temperature drops below an endotherm’s thermal neutral zone (the
range of ambient temperature an endotherm can tolerate without increasing MR to
maintain Tb), the requirement for food becomes particularly imperative, as endotherms
must increase their metabolically produced heat in proportion to the drop in ambient
temperature in order to maintain a constant Tb (Hill et al., 2008). The smaller an
endothermic mammal is, the higher the surface area to volume ratio, and the greater the
heat loss to the environment (Geiser, 2004; Hochachka and Somero, 2002). Therefore
small endotherms living in temperate and polar climates lose a large portion of their
metabolically generated heat to the environment, which in turn causes a large caloric
requirement to maintain a constant Tb (Geiser, 2004). This requirement is compounded
during the coldest seasons, when metabolic demand is at its peak, and food availability is
typically at its lowest. Endotherms living in seasonally cold climates have evolved
various strategies to successfully cope with the energetic stress of winter, such as
building insulated nests (Casey, 1981), increasing both fur (Hart, 1956) and fat insulation
(Young, 1976), and caching food (Smith and Reichman, 1984). Other strategies aim to
avoid the stress altogether, such as migrating to warmer, calorie-rich environments (Hill
et al., 2008). An alternate approach to seasonal survival is to reduce energy demands by
decreasing MR and, consequently Tb, in a process known as hibernation (Reviewed in:
Staples and Brown, 2008).
Hibernation, although not an overly common strategy, is employed by a diverse
range of mammalian species. Representatives appear in as many as eight orders,
including monotremes, marsupials, rodents, primates, bats (Geiser, 2004), and the oftencontested large carnivore, the American black bear, that exhibit similar, but limited
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characteristics of true hibernators (Tøien et al., 2011). There is even one species of bird,
Phalaenoptilus nuttallii, that is a documented hibernator (Geiser, 2004). This curious
distribution across many distantly related taxa suggests that the ability to hibernate was
perhaps a common ancestral trait, and is conserved within the genomes of all mammals,
but only expressed in a small few (Srere et al., 1992). One of the most widely studied of
these hibernating species is the 13-lined ground squirrel (Rodentia: Sciuridae, Ictydomys
tridecemlineatus), the species used in all work related to this thesis.
For the 13-lined ground squirrel, warm spring weather signals the beginning of a
brief period of reproduction, followed by intense foraging throughout the summer in
order to develop massive endogenous fat stores, which will supply all the energy required
for the upcoming hibernation season. Work in our own lab has observed pre-hibernation
body masses in October to be 55% greater than post-hibernation body masses recorded in
March (figure 3.1), which is similar to increases observed in other hibernating species
(Armitage et al., 2013; Mckeever, 1963). Typical of most hibernators, once hibernation
begins, 13-lined ground squirrels do not eat or drink at all, and the digestive tract
degenerates for the 5-7 months of their hibernation season (Carey et al., 2003).
In late fall ground squirrels enter the underground burrow where they spend the entire
hibernation season. Hibernation is characterized by lengthy bouts of metabolic
suppression known as torpor, (lasting from 5-14 days), interrupted by brief periods (~8
hours) of increased metabolic activity known as interbout euthermia (IBE) (Figure 3.2).
In this way hibernators are able to conserve ~90% of the energy expended by their
homeothermic counterparts (Wang, 1979). During torpor, metabolic rate (MR,
approximated by whole animal oxygen consumption) is reduced to ~5% of basal
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metabolic rate (BMR; Geiser, 2004), and Tb subsequently falls, and is maintained a few
degrees above ambient temperature. Despite the cyclical rise and fall of Tb seen between
torpor and IBE, hypothalamic regulation of Tb remains functional throughout the
hibernation season. For example, in two closely related species, golden mantled ground
squirrels and yellow bellied marmots, if ambient temperature in the burrow drops below
5°C the hypothalamus stimulates an increase in metabolism to defend a thermoregulatory
set-point of 5°C during torpor (Florant and Heller, 1977; Heller and Hammel, 1972).
During periods of torpor in 13-lined ground squirrels suppression of MR and Tb are
paralleled by decreases in ventilation (from 100-200 to 1-3 breaths per minute) and heart
rate (from ~300bpm to as 3-15bpm) (Landau and Dawe, 1958). Arousal from a torpor
bout occurs spontaneously: MR rapidly increases and Tb is returned to euthermic levels
(~37°C) via shivering and non-shivering thermogenesis (reviewed in Staples and Brown,
2008). These brief periods of intense metabolic activity consume ~80% of the energy
used throughout the hibernation season (Heldmaier et al., 1993; Wang, 1978; Wang,
1979), however the reason they occur remains unknown. Spontaneous arousals have been
suggested to be necessary for proper immune function (Prendergast et al., 2002), or a
requirement for adequate sleep (Daan et al., 1991). Regardless of the physiological reason
for their occurrence, transitions between IBE and torpor are remarkable because not only
do hibernators undertake an extreme modification to MR and Tb, but they do so rapidly
(within hours), and repeatedly.
The suppression of MR as a hibernator concludes a period of IBE and enters a bout
of torpor is known as ‘entrance’, and involves active inhibition of metabolism in addition
to passive thermal effects due to decreasing Tb (Geiser, 2004; Staples and Brown, 2008).
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In a hibernator entering a bout of torpor suppression of MR precedes any decrease in Tb
(Chung et al., 2011; Heldmaier et al., 2004). So although the reduction in Tb will depress
biochemical reaction rates, it is active suppression of metabolism that initiates and
maintains very low MR in torpor. In fact it has been estimated that active suppression
accounts for as much as 40-70% of the decrease in MR observed in hibernation (reviewed
in Staples and Brown, 2008). Although there have been many attempts to elucidate and
understand the suppression of MR observed during torpor, the mechanisms driving
suppression remains unclear.
1.2 Mitochondria and cellular respiration.
Mitochondria are the greatest contributor to whole animal MR; being responsible for
~90% of whole-animal oxygen consumption in mammals (Rolfe and Brown, 1997), as
well as being the primary site of adenosine triphosphate (ATP) synthesis in the cell. An
overwhelming number of processes are driven by ATP-consumption, such as protein
synthesis, Na+/K+ and Ca2+-ATPase pumps and gluconeogenesis to name a few.
Altogether it is estimated that 70-80% of the mammalian BMR can be contributed to
ATP-consuming processes (Rolfe and Brown, 1997), which means that any depression in
ATP production has the potential to disturb all of the above processes. Thus when
examining suppression of MR as seen in hibernation, mitochondria are the primary site of
investigation.
Mitochondria are bounded by a freely permeable outer mitochondrial membrane
(OMM) whose sieve-like properties have been attributed to the abundance of voltage
dependent anion-selective channels (VDAC), that facilitate passage of most molecules
smaller than 1.5kDa (Bernardi et al., 2006; Rostovtseva and Bezrukov, 2008). By contrast
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the inner mitochondrial membrane (IMM) is effectively impermeable, but has many
transporters to facilitate selective passage into and out of the mitochondrial matrix. It is
the relative impermeability of the IMM that allows for the generation of the proton
motive force (ΔP) which powers ATP synthesis. Within the mitochondrial matrix, Krebs
cycle products NADH and succinate are oxidised by IMM-bound electron transport chain
(ETC) complexes I and II respectively. Electrons are then passed down a chain of
progressively more electronegative acceptors, at each exchange releasing free energy,
until reaching the terminal electron acceptor oxygen (O2), at ETC complex IV. Some of
the free energy released at each exchange of electrons is used by complexes I, III, and IV
to actively pump protons (H+) across the IMM into the inter membrane space (IMS). This
process establishes ΔP, the electrochemical gradient that is used by ETC complex V
(F1FO ATP synthase) to drive ATP synthesis from adenosine diphosphate (ADP) and
inorganic phosphate (Pi; figure 1.1).
Several investigators have compared the metabolism of mitochondria isolated from
both torpid, and euthermic (IBE and/or summer) hibernators to determine the extent of
active inhibition of metabolism. Numerous studies have reported that succinate-fuelled
respiration is up to 70% lower compared with euthermic controls, when assayed at the
same in vitro temperature (37°C; Armstrong and Staples, 2010; Barger et al., 2003;
Brown et al., 2012; Chung et al., 2011; Muleme et al., 2006; Pehowich and Wang, 1984).
The liver is an excellent tissue to study because it is large, easy to dissect and protocols
for mitochondrial isolation are well established. Moreover liver is metabolically
significant to mammals because, despite contributing only ~5% of total body mass, it
consumes ~20% of total inspired oxygen at rest (in rats; Rolfe and Brown, 1997). For
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Figure 1.1 Diagram of the electron transport chain (ETC). Succinate and NADH are
oxidised at complexes II and I respectively, surrendering electrons that then travel down a
chain of increasingly electronegative acceptors (in order: Coenzyme Q (CoQ), Complex
III, Cytochome C (CytC), Complex IV; path is shown as dashed arrows). The passing of
electrons from complex to complex releases free energy that is then used to actively
pump hydrogen ions (H+) across the inner mitochondrial membrane (IMM) into the intermembrane space (IMS) at complexes I, III and IV (solid black arrows), ultimately
establishing an electrochemical gradient known as the proton motive force (ΔP).
Complex IV (ATP synthase) employs the ΔP to drive the synthesis of ATP from ADP
and inorganic phosphate (Pi) as hydrogen ions flow back across the inner mitochondrial
membrane into the matrix. Electrons flowing down the ETC are ultimately donated to the
terminal electron acceptor: oxygen (O2), at complex IV. Figure is based on a review by
Hatiefi (1985).
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comparison, skeletal muscle contributes ~42% of total body mass, and only consumes
~30% of total inspired oxygen (in rats; Rolfe and Brown, 1997), however succinatefuelled respiration in skeletal muscle is merely ~30% suppressed in torpor relative to
euthermia (37°C; Brown et al., 2012).
Muleme et al. (2006) attempted to clarify where mitochondrial metabolic
suppression was occurring in torpor by measuring respiration rates through portions of
the ETC that were functionally isolated using selective inhibitors. They determined that
in torpor, respiration was inhibited between succinate dehydrogenase (SDH; ETC
complex II) and cytochrome c oxidase (complex IV), and that this suppression was then
reversed in IBE animals (Muleme et al., 2006). Subsequently Armstrong and Staples
(2010) as well as Chung et. al (2011) found significant inhibition of SDH by oxaloacetate
in torpor which was reversed by pre-incubation with isocitrate. However, despite this
reversal, torpid respiration still remained four-fold lower than euthermic rates, indicating
that inhibition of SDH by oxaloacetate does not account for the majority of suppression
seen in torpor. Additionally, Brown et al. (2013) found that while SDH activity was
suppressed in torpor at 37°C, it was not suppressed when measured at 10°C, suggesting
that SDH may contribute in the initiation of suppression, but does not maintain it. Finally,
in both liver and skeletal muscle, torpid mitochondria have a greater affinity for succinate
than euthermic mitochondria (Brown et al., 2013). Which suggests that decreased affinity
is not the underlying cause of respiratory suppression in torpor (Brown et al., 2013).
The pattern of mitochondrial metabolic suppression differs fundamentally depending
on whether the hibernating animal is the process of suppression during entrance, or
reversal of that suppression during arousal. During entrance, when an animal goes from
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euthermia (Tb=37°C) into torpor, the suppression of succinate-fuelled respiration rate
occurs rapidly, and full suppression (~70%) is achieved within the first 2 hours it takes Tb
to fall to 30°C (Chung et al., 2011). Conversely when a torpid (Tb= 5°C) animal
spontaneously arouses, suppression of succinate-fuelled mitochondrial respiration is
reversed much more slowly, with respiration rate still ~50% lower than euthermic level
by the time Tb has increased from 5oC to 30°C (Armstrong and Staples, 2010). Taken
together the rapid suppression of respiration at relatively high Tb during entrance, and the
gradual reversal of suppression when Tb starts at 5°C during arousal (termed “fast-in,
slow-out”) suggests that the mechanism behind suppression is, in some way, temperature
dependent. Furthermore the distribution of hibernators across distantly related taxa
suggests that hibernation is a phenotype that either arose or was lost repeatedly, implying
a simple reprogramming of existing mammalian genes. Collectively, the above work
provides a framework for criteria that a potential mechanism governing suppression in
hibernation must meet; a mechanism must be fast (hours) and readily reversible, it must
occur between ETC complex II and IV, and is likely temperature-sensitive. Inhibition of
succinate transport into the mitochondrial matrix has the potential to meet these criteria,
and is the possible mechanism of suppression I chose to investigate.
1.3 Inhibition of succinate transport at the dicarboxylate transporter.
Succinate freely diffuses across the OMM, facilitated by VDAC, but in order to cross
the IMM succinate must be transported into the mitochondrial matrix by the
dicarboxylate transporter (DCT). The DCT is located in the IMM, and catalyzes the
exchange of the dicarboxylate anions succinate and/or malate for Pi (Johnson and
Chappell, 1973). The inorganic sulphur-containing compounds; sulphate, sulfite and
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thiosulfate, are also transported by the DCT (Crompton et al., 1974). The DCT has two
separate binding sites; one for phosphate and thiosulphate, and the other for
dicarboxylates, sulphate and sulfite, which together operate by a sequential antiport
mechanism (Indiveri et al., 1993). The DCT is thought to work in tandem with the Pi-OHantiporter, whereby Pi enters the mitochondrial matrix in exchange for OH-, an exchange
driven by the pH gradient of the ΔP (McGivan and Klingenberg, 1971). The resulting
phosphate gradient acts to catalyze the action of the DCT, moving dicarboxylates into the
matrix and ultimately recycling Pi back out of the matrix, all at the expense of ΔP (Coty
and Pendersen, 1975, figure 1.2). The DCT can be inhibited by IMM impermeable
dicarboxylate analogues, the most commonly used being butylmalonate (Johnson and
Chappell, 1973; Robinson and Chappell, 1967; Robinson and Williams, 1970). Inhibition
of the DCT precludes succinate transport into the mitochondrial matrix, and consequently
succinate-fuelled respiration is suppressed; a result similar to that observed in torpid
hibernators.
It has been repeatedly reported that long chain acyl co-enzyme A conjugates
(hereafter referred to as long chain acyl CoAs) inhibit a variety of IMM transport
systems, including the DCT (Ventura et al., 2005), resulting in suppression of
mitochondrial respiration (Pande and Blanchaer, 1971; Shrago et al., 1995; Shug et al.,
1971; Wojtczak and Zaluska, 1967; Woldegiorgis et al., 1982). The ability for fatty acyl
CoAs to act as competitive inhibitors is likely due to their negatively charged adenosinephosphate head group, which is suggested to bind and block the active site of a variety of
transporters and enzymes, while the long lipophilic tail anchors the acyl-CoA to the
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Figure 1.2 Relationship between the dicarboxylate transporter (DCT), Pi-OHantiporter and the proton motive force (ΔP) generated by the electron transport
chain (ETC). The ΔP generated by the ETC establishes a pH-gradient that then acts to
drive the exchange of Pi for OH- at the Pi-OH- antiporter. This in turn establishes a Pi
gradient that catalyzes the sequential antiport mechanism that drives exchange of
dicarboxylates (succinate and malate) for Pi by the DCT. Figure based on models by
McGivan and Klingenberg (1971), and Coty and Pendersen (1975).
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membrane phospholipid domain, maintaining the head group in close proximity to these
transporters (Duszyinski and Wojtczak, 1974; Shrago et al., 1995; Wojtczak, 1976). This
anchoring mechanism could act to keep fatty acyl CoAs associated with the
mitochondrial membrane, and in position to inhibit the DCT, even following the
mechanical disruption associated with tissue homogenization and subsequent isolation of
mitochondria, possibly explaining why suppression is able to persist in in vitro assays of
mitochondrial respiration in studies of hibernators. Additionally, Chung et al. (2013)
reported changes in the phosphorylation state of long-chain specific acyl CoA
dehydrogenase (LCAD, responsible for catalyzing β-oxidation of fatty acyl CoAs)
between torpid and summer animals. The ability to reversibly phosphorylate LCAD
suggests that hibernators can regulate the rate of fatty acyl CoA metabolism, further
implicating fatty acyl CoAs as a potential mechanism behind the reversible suppression
of mitochondrial respiration in hibernation.
As previously discussed, hibernators subsist on endogenous fat stores throughout the
hibernation season (Carey et al., 2003), and this is confirmed by a respiratory quotient of
~0.70, which indicates exclusively lipid metabolism (Buck and Barnes, 2000). It is
therefore not surprising that the level of free fatty acids in the plasma of hibernators is
elevated for the duration of the hibernation season (Florant et al., 1990). From the
plasma, free fatty acids diffuse into tissues and are converted into fatty acyl CoAs in the
cytosol before being metabolized by beta-oxidation. The extensive use of fats by
hibernators supports the hypothesis that metabolic regulation by fatty acyl CoAs is a
potentially viable mechanism underlying the suppression of succinate-fuelled respiration
in torpid mitochondria.
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1.4 Fatty-acyl CoAs, carnitine and carnitine palmitoyl transferase.
In the cytosol, long chain fatty acids are activated by an enzyme embedded in the
OMM called long chain acyl CoA synthetase, forming fatty acyl CoAs (Kerner and
Hoppel, 2000). Fatty acyl CoAs then diffuse into the IMS via VDAC (Kerner and
Hoppel, 2000). From there fatty acyl CoAs are transported into the matrix in a two step
process (reviewed in Kerner and Hoppel, 2000; McGarry and Brown, 1997). First, the
enzyme carnitine palmitoyl transferase I (CPT I, located on the OMM) catalyzes the
conjugation of the fatty acyl CoA with carnitine, forming acyl-carnitine. Next, acylcarnitne is transported across the IMM by carnitine-acylcarnitine translocase (CAT). On
the matrix side of the IMM carnitine palmitoyl transferase II (CPT II) catalyzes the
release of carnitine from the fatty acyl CoA, and the released carnitine is recycled back
across the IMM by CAT (Pande, 1975). The fatty acyl CoA, now in the mitochondrial
matrix, undergoes β-oxidation to acetyl CoA, which then enters the Krebs cycle, whose
products ultimately fuel the ETC and mitochondrial respiration (for summary see figure
1.3).
Carnitine is necessary for fatty acyl CoA transport into the matrix by CAT (Fritz
and Marquis, 1965). It follows, therefore, that, in the absence of carnitine, fatty acyl CoA
transport into the matrix would cease, and all downstream processes of lipid metabolism
(β-oxidation, oxidation at the Krebs cycle, substrates fuelling the ETC) would halt. It has
been suggested that in the absence of carnitine, fatty acyl CoAs would then accumulate in
the IMS, and as a result inhibit mitochondrial transporters, including DCT, ultimately
causing suppression any mitochondrial respiration that depends on substrates transported
by the DCT (Pande and Blanchaer, 1971; Ventura et al., 1995; Ventura et al., 2005).
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Figure 1.3 Transport of fatty acyl CoAs into the mitochondrial matrix and
subsequent β-oxidation. Fatty acyl CoAs from the cytosol diffuse across the outer
mitochondrial membrane (OMM), and are conjugated with carnitine by carnitine
palmitoyl transferase I (CPT I). Carnitine-acylcarnitine transferase (CAT) then transports
acyl carnitine into the mitochondrial matrix where the fatty acyl CoA is cleaved from
carnitine by carnitine palmitoyl transferase II (CPT II). Carnitine is transported out of the
matrix by CAT, and the fatty acyl CoA undergoes β-oxidation to acetyl-CoA. Acetyl
CoA enters the Krebs cycle, which produces substrates for ETC oxidation, ultimately
fuelling mitochondrial respiration. Figure is based on the work of Kerner and Hoppel
(2000), McGarry and Brown (1997), and Pande (1975).
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Further building on the idea that suppression in hibernators is due to an accumulation
of fatty acyl CoAs in the absence of carnitine, is work on carnitine metabolomics by
Nelson et al. (2009), who found higher levels of carnitine in the livers of euthermic
animals (IBE and summer), compared with torpid animals. This supports the idea that
fatty acyl CoAs accumulate during torpor, inhibit mitochondrial transporters (such as the
DCT), and are then removed by carnitine in periods of euthermia (figure 1.4).
In rat liver mitochondria treated with 2, 4 dinitrophenol (which uncouples substrate
oxidation from ATP synthesis), Ventura et al. (2005) found that palmitoyl CoA (a 16C
fatty acyl CoA) inhibited respiration powered by succinate oxidation, but not that
powered by glutamate oxidation. As their experiments were performed in the absence of
carnitine, they concluded that palmitoyl CoA inhibits succinate transport across the inner
mitochondrial membrane at the DCT, while glutamate was able to enter the inner
mitochondrial membrane uninhibited via the H+/glutamate carrier and aspartate glutamate
carrier (Palmieri, 2004). Swelling studies confirmed that inhibition by palmitoyl CoA
was occurring at the DCT (Ventura et al., 2005). In these studies mitochondria were
placed in an isoosmotic suspension of ammonium succinate. Protonated succinate is
exchanged for phosphate across the IMM by the DCT, meanwhile ammonia passively
enters the matrix and binds with protons as they dissociate from the transported succinate,
forming NH4+. This maintains pH balance, permitting continued succinate transport, but
ultimately causes swelling by ‘trapping’ protons in the matrix, which is then measured as
a change in absorbance over time due to decreased light scattering (LaNoue and
Schoolwerth, 1979; Ventura et al., 2005). In the presence of the palmitoyl CoA Ventura
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Figure 1.4 Proposed effect of fatty acyl-CoAs and succinate transport on
mitochondrial respiration. In the absence of carnitine the transport of fatty acyl-CoAs
across the inner mitochondrial membrane (IMM) is halted. This leads to an accumulation
of fatty acyl-CoAs in the inter-membrane space (IMS), which cause inhibition of the
dicarboxylate transporter (DCT), preventing succinate transport into the matrix. Together
this leads to the suppression of mitochondrial respiration. Solid lines indicate operating
processes, dashed lines indicate inhibited processes. Figure is based on the proposed
models of Ventura et al. (1995, 2005) and Pande and Blanchaer (1971).
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et al. (2005) found that swelling was significantly reduced relative to the control,
indicating inhibition of succinate transport at the DCT by palmitoyl CoA.
In hibernators, Muleme et al. (2006) and Brown et al. (2012) showed mitochondrial
respiratory suppression during torpor with succinate but not glutamate, indicating a
possible role for inhibition of the DCT during torpor. Taken together there is compelling
evidence that the suppression of succinate-fuelled respiration observed in torpid
hibernators could reflect a disruption of succinate transport at the DCT, which could
potentially be mediated by fatty acyl CoAs, and the availability of carnitine.
1.5 Objectives and Hypothesis.
The goal of this project is to identify a contributing mechanism responsible for the
suppression of succinate-fuelled mitochondrial respiration rate in torpid mitochondria. I
hypothesize that a mechanism behind the suppression of mitochondrial respiration during
torpor is inhibition of succinate import across the IMM at the DCT by fatty acyl CoAs. I
predict the suppression in liver mitochondrial succinate oxidation of torpid hibernators is
a result of the inhibition of the DCT by long chain fatty acyl-CoAs. It is expected that the
activity of the DCT will be significantly lower in torpid mitochondria than in euthermic
mitochondria. Secondly, I predict that the addition of palmitoyl CoA to purified
mitochondria will suppress the respiration of euthermic, but not torpid, mitochondria.
Finally I predict that supplying carnitine will increase the respiration of torpid
mitochondria by reversing acyl-CoA dependent inhibition of respiration, while it will
have no effect on euthermic mitochondria.

	
  

17	
  

CHAPTER 2
MATERIALS AND METHODS
2.1 Animal Capture and Care.
All procedures were approved by the University of Western Ontario Animal Use
Subcommittee (Protocol #2012-016; Appendix A). Wild thirteen-lined ground squirrels
(Ictydomys tridecemlineatus) were captured in Carman, MB, Canada (49°30’N,
98°01’W) in May 2011 using live-traps. Additionally, any pups born to wild-caught
females after capture were cared for and weaned following a protocol modified from
Vaughan et al. (2006) and added to the pool of captive animals.
Following capture, animals were housed at 22±3°C, with photoperiod adjusted
weekly to match that of Carman, MB. Each animal was housed individually in a plastic
shoebox cage (26.7cm x 48.3cm x 20.3cm) on dried corn-cob bedding (Ren’s Feed and
Supply Ltd., Oakville, ON), with crinkled paper strips for nest building (EnviroDri,
Shepherd, Milford, NJ) and a transparent red plastic tube for enrichment (Bio-Serv,
Frenchtown, NJ). Animals were provided water and food (LabDiet 5P00, Lab Diet, St
Louis, MO; Dog food, Iams) ad libitum, as well as a flavoured wooden chewing stick to
help control incisor growth. Additionally, animals were supplemented with sunflower
seeds (~10 seeds) every other day. Squirrels were visually inspected each day and were
weighed weekly during cage cleaning (figure 3.1).
Wild caught animals were quarantined for a minimum of 42 days. During
quarantine animals received biweekly subcutaneous injections of the cestocide Droncit
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(5.68 mg · mL-1, 0.2 mL · 250 g-1; BayerDVM, Pittsburgh, PA). Fecal matter was
collected from each animal twice weekly, and sent to UWO Animal Care and Veterinary
Services, where it was tested for endoparasites using Fecalyzer kits (Vétoquinol, Buena
NJ). When two consecutive negative tests were returned, the animal was removed from
quarantine.
2.2 Radiotelemetry implants.
Body temperature was measured using radiotelemetry. In July and August,
animals were anesthetized using isoflourane gas (4%, balance O2) and surgically
implanted with intraperitoneal radio telemeter transmitters (TA-F20 or TA-F10, Data
Sciences International, Arden Hills, MN) that regularly monitor and report each
individual’s Tb. Each animal was provided postoperative analgesia (a subcutaneous
injection of ketoprofen; 10 mg · mL-1, 0.05 mL · 100 g-1). Tb was collected and recorded
every 4 minutes using telemetry receivers (model RA1010 or RPC-1, Data Sciences
International), and data acquisition software (Dataquest ART, Data Sciences
International).
2.3 Hibernation.
In October, when bouts of torpor were observed (even while still housed at
22±3°C) and animal weights had plateaued (figure 3.1), animals were transferred to
environmental chambers where temperature was lowered 1°C per day until it reached
4±2°C. At this point, photoperiod was adjusted to 2h light (8am-10am): 22h dark. By
early November all individuals were displaying torpor bouts, and after torpor was
observed for one week, food (but not water) was withdrawn. In April torpor bouts
spontaneously began to shorten, and animals were moved back into an animal care room,
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feeding was resumed, temperature returned to 22±3°C, and photoperiod was restored to
imitate that of Carman, MB.
2.4 Liver mitochondria isolation.
Experimental groups were comprised of summer, torpid, and IBE animals.
Summer animals were sampled throughout July and August at 8:30am±30min EST, Tb =
37±1°C. Torpid and IBE animals were sampled throughout January and February.
Animals were considered torpid when Tb was 5±1°C for 72-96 hours (i.e. middle of
typical torpor bout), and IBE when Tb was 37±1°C for at least 3 hours. All torpid animals
were sampled at 8:30am±30min EST, however due to the spontaneity of IBE arousals,
IBE animals were sampled between 8:30am and 10:30am EST.
Torpid animals were euthanized via cervical dislocation to prevent arousal,
whereas both summer and IBE animals were euthanized by anesthetic overdose
(Euthanyl: 240 mg mL-1, 0.2 mL · 100g-1, intra-peritoneal injection). Euthanyl has no
effect on mitochondrial metabolism (Takaki et al., 1997).
Immediately following euthanasia, the liver tissue was excised, weighed, and
placed in ice-cold homogenization buffer (250 mM sucrose, 10 mM HEPES, 1 mM
EGTA, 0.5% fatty acid free bovine serum albumin (BSA), pH 7.4 at 4°C) where it was
cut into small pieces (~1mm3) using surgical scissors.
Liver tissue was then homogenized with three passes by a rotating loose fitting
Teflon pestle in a 55mL glass mortar at 100RPM. Next the suspension was filtered
through a single piece of cheesecloth and centrifuged for 10 min at 1000g at 4°C
(Centrifuge 5804R, Eppendorf, Missisauga, ON). Following centrifugation, floating lipid
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was aspirated, the supernatant was poured through 4 layers of cheesecloth, and the pellet
discarded. The supernatant was again centrifuged for 10 min at 1000g at 4°C. Once
again, floating lipid was aspirated, the supernatant was poured through 4 layers of
cheesecloth, and the pellet discarded. Then, the supernatant was centrifuged at 8700g for
10min at 4°C. Following centrifugation, the supernatant was aspirated leaving a crude
mitochondrial pellet, which was re-suspended in 1mL of homogenization buffer.
Purification of the crude mitochondrial pellet was achieved using Percoll density
gradient centrifugation (adapted from Petit et al., 1990). The crude mitochondrial
suspension was layered on top of a Percoll gradient consisting of 10mL each of 10, 18, 30
and 70% layered Percoll solutions (diluted by homogenization buffer) and centrifuged at
13500g for 35 min. at 4°C. Purified mitochondria collected at the interface between the
30 and 70% Percoll layers, and were removed and re-suspended in homogenization
buffer, and centrifuged at 8700g for 10min at 4°C to wash away residual Percoll. This
process was repeated a second time on the resulting mitochondrial pellet. Finally, the
resulting pellet was suspended in 1mL homogenization buffer and kept on ice until
assayed (maximum 7 hours). Armstrong and Staples (2010) have shown that this process
of mitochondrial purification removes 85-96% of contaminating organelles (such as
endoplasmic reticulum, peroxisomes, plasma membrane and lysosomes) compared with
the crude pellet.
2.5.1 Mitochondrial respiration.
Mitochondrial respiration rates were measured using a Clark-type oxygen
electrode (Oxygraph-2k, Ouroboros instruments, Innsbruck, Austria), in 2mL of MiR05
solution (0.5mM EGTA, 3mM MgCl2 · 6H2O, 60mM K-lactobionate, 20mM taurine,
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10mM KH2PO4, 20mM HEPES, 110mM sucrose, 1g L-1 fatty acid free BSA, pH 7.0 at
37°C) at 37°C, while undergoing constant stirring (750 RPM). The oxygen electrodes
were calibrated to oxygen-depleted MiR05 solution (using a yeast suspension to consume
all present oxygen) and to air-saturated MiR05 solution, using oxygen contents
previously reported (Gnaiger, 1983), and corrected for local atmospheric pressure. All
substrates and inhibitors were dissolved in MiR05 solution (with the exception of
rotenone and oligomycin, which were dissolved in ethanol) and added to the chamber
using a Hamilton syringe. All concentrations given represent the final concentration
present in the 2mL Oxygraph-2k chamber during respiration rate measurements.
Both succinate-fuelled state 3 (phosphorylating) and state 4 (nonphosphorylating) respiration were measured in purified liver mitochondria (protein
concentrations 2.17-8.38 mg mL -1). Initially 10µl of purified mitochondria were added to
the Oxygraph-2k chamber. Rotenone (0.5µM), an ETC complex I inhibitor, was then
added to the mitochondrial suspension to prevent reverse electron flow, followed by
succinate (10µM) which then exclusively fuels respiration through ETC complex II
(Figure 1.3). Once a steady rate of state 2 respiration was achieved ADP (0.1mM) was
introduced into the mitochondrial suspension, stimulating state 3 respiration. Respiration
rates were allowed to reach a steady state before state 3 respiration was terminated with
the addition of oligomycin (an ATPase inhibitor which blocks the proton channel; 2µg ·
mL-1 ethanol) to the mitochondrial suspension, providing an estimation of state 4
respiration rate.
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2.5.2 Butylmalonate.
The effect of butylmalonate (a known inhibitor of the DCT) on succinate-fuelled
state 3 respiration rates was measured to determine the consequence of inhibiting the
DCT. Purified mitochondria (10µl) were introduced to the Oxygraph-2k chamber,
followed by the addition of butylmalonate (200µM, a concentration determined by
titration to maximally inhibit respiration (Ventura et al., 2005)). Succinate-fuelled state 3
respiration rates were then established as above (section 2.5.1), and allowed to reach a
steady state, after which oligomycin was introduced to the mitochondrial suspension, and
state 4 respiration rates were recorded. Respiration rates from the above treatment with
butylmalonate were compared with control treatments (identical to the experimental
treatment, but receiving equivalent volumes of MiR05 buffer solution in place of
butylmalonate), to determine the percent of inhibition attributable to butylmalonate.
2.5.3 Palmitoyl CoA and Carnitine.
The effect of palmitoyl CoA (both alone, and in combination with carnitine) on the
respiration rates of liver mitochondria was compared among the different hibernation
groups. Once steady-state state 3 respiration was established palmitoyl CoA (2.5µM, a
concentration that caused maximal inhibition of state 3 respiration in preliminary
experiments, see figure 3.7) was introduced to the mitochondrial suspension. Respiration
rates were allowed to stabilize, and then carnitine (5mM, the same concentration used by
Lerner et al., (1972) and Pande and Blanchaer (1971) in their work using carnitine to
reverse inhibition of the adenine nucleotide transporter caused by palmitoyl CoA,
preliminary experiments showed carnitine alone had no significant effects on state 3
respiration, appendix B.2) was introduced. Respiration rates were once again allowed to
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reach a steady state before state 3 respiration was terminated with the addition of
oligomycin (figure 2.1). Control treatments (identical to the experimental treatment, but
receiving equivalent volumes of MiR05 buffer solution in place of Palmitoyl CoA and
carnitine) were performed in tandem (using an oxygraph with two chambers) with the
experimental treatment to gauge any dilution or time effects.
To determine whether carnitine alone has any effect on state 3 respiration,
succinate-fuelled state 3 respiration rates were established as above, and once a steady
rate of state 3 respiration was measured, carnitine (5mM) was introduced to the
mitochondrial suspension. Once again a control treatment (identical to the experimental
treatment, but receiving equivalent volumes of MiR05 buffer solution in place of
carnitine) was run in tandem (using an oxygraph with two chambers) with the
experimental treatment. In both treatments, respiration rates were allowed to reach a
steady state, and then state 4 respiration was established with the addition of oligomycin.
2.6 Protein concentrations.
Respiration rates were calculated relative to mitochondrial protein concentration
as determined by Bradford assay (Bradford, 1976). Briefly, 10µL of each purified
mitochondrial sample was diluted in 390µL of homogenization buffer and sonicated for 3
seconds, maintained on ice for 30 seconds and then sonicated again for 3 seconds (VirTis,
Virsonic100; Stone Ridge, NY). Then 10µL of the sonicated mitochondrial sample was
added to 200µL of Bradford assay solution (1 part Bradford protein assay solution to 3
parts homogenization buffer; Bio-Rad, Mississauga, ON) in triplicate on a 96 well plate
and allowed to react for 35min. Protein standards containing BSA dissolved in
homogenization buffer were applied (in triplicate) to the same plate, and absorbance

	
  

24	
  

Figure 2.1 The effects of palmitoyl CoA and carnitine on succinate-fuelled
mitochondrial respiration. This representative example shows the respiration rates of
purified liver mitochondria (0.058 mg protein) from a torpid 13-lined ground squirrel
(Ictidomys tridecemlineatus) measured by Clark-type oxygen electrode. The solid line
represents treatment with palmitoyl CoA and carnitine, while the dashed line represents a
control treatment run in tandem, using equivalent volumes of MiR05 buffer in place of
the Palmitoyl CoA and carnitine additions. Arrows indicate where an addition to each
chamber was made. Horizontal lines indicate where a steady rate of respiration was
measured.
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(595nm) was measured using a spectrophotometer (SpectraMax 340PC, Molecular
Devices, Toronto, ON). The absorbance of a blank (containing 210µL Bradford assay
solution, but no mitochondrial sample) was subtracted from each value. The mean
absorbance of each standard was plotted against its concentration, and a regression line
calculated. This regression was used to calculate the mean protein concentration of each
sample by its absorbance.
2.7 Carnitine-palmitoyl transferase activity assay.
To determine the activity of carnitine-palmitoyl transferase from frozen
mitochondrial samples, 100µL of purified mitochondrial suspension was combined with
900µL glycerol buffer (20mM Na2HPO4, 0.5 mM EDTA, 0.2% BSA (W/V), 50%
glycerol (V/V), 0.1% triton X-100 (V/V), pH 7.4 at 18°C), and sonicated 3 times for 10
seconds, with 30 seconds rest on ice between sonication bursts. For each sample 725µL
of TRIS buffer (19.47 mM TRIS HCl, 30.54 mM TRIS Base, pH 8.00 at 37°C), 50µL
0.15mM DTNB solution, 100µL 0.035mM palmitoyl CoA solution, 100µL of 5mM
carnitine solution and 25µL mitochondrial homogenate (ranging from 0.054-0.209 mg
protein) were combined in a cuvette. The cuvette was covered by parafilm, gently
inverted to mix, and absorbance at 412nm was measured using a spectrophotometer for a
period of 120s at 37°C. A blank control determination was also made in the absence of
carnitine.
Enzyme activity was calculated using the following formula:
U/mg protein =
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Where U is units of enzyme activity in µmol of substrate converted to
product/min, slopeCarnitine was determined by the rate of change in absorbance with
carnitine, and slopeControl was the rate of change in absorbance without carnitine, 1000µL
is the volume of the cuvette, D is the dilution factor of the mitochondrial suspension (10),
ε is the extinction coefficient of DTNB (13.6), 25µL is the volume of the sample, and P is
the mitochondrial protein concentration of the original suspension.
2.8 Protein Quantification by Western blotting.
To further characterize any changes in mitochondrial respiration among
hibernation states, I quantified subunits of ETC complexes using Western blotting. To
prepare samples, protein concentrations of all mitochondrial suspensions were
determined by Pierce bicinchroninic acid (BCA) protein assay kit (Thermo Scientific),
and 33µg of purified mitochondrial protein was suspended in 60µL ddH2O, 25µL
NuPAGE LDS sample buffer (Invitrogen) and 15µL NuPAGE Sample Reducing Agent
(Invitrogen) to a total volume of 100µL. Samples were then heated in a water bath for 5
minutes at ~37°C, after which 8µL of sample (2.64µg protein, a quantity determined by a
preliminary experiment which used 5.2µg of protein, and caused over-saturation of
antibody signal, thus the quantity was reduced by half to increase resolution) was loaded
onto NuPAGE Novex 4-12% Bis-Tris Gels (1.5-mm thick, 15-well, Invitrogen). Samples
were separated in MES-SDS running buffer (50mM 2-(N-morpholino) ethanesulfonic
Acid, 50mM TRIS (hydroxymethyl) aminomethane, 0.1% sodium dodecyl sulphate,
1mM EDTA) combined with 500µL of 2M Na2S, at 160V for 1hour. Proteins were then
transferred to nitrocellulose membranes at 100V for 2hours. After which membranes
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were blocked overnight at 4°C in 5% BSA Tris Buffered Saline with the detergent
Tween-20 (TBST; 150mM NaCl 25mM Tris, 4mM KCl, 0.1% Tween-20).
Following blocking with BSA (5% BSA W/V in TBST), membranes were treated
with the MitoProfile Total OXPHOS Rodent Antibody Cocktail (Complex I subunit
NDUFB8 (NADH dehydrogenase 1 beta subcomplex 8); Complex II subunit 30kDa;
complex III Core protein 2; Complex IV subunit I; ATP synthase alpha subunit;
ab110413, host: mouse; Mitosciences) at a 1:1000 dilution in 5% BSA TBST for 2hours
at room temperature. While this antibody cocktail is used routinely in laboratory rodents
such as mice (Hoy et al., 2011) and rats (Rector et al., 2011), there are unfortunately no
antibodies specific to 13-lined ground squirrels.
I used voltage dependent anion channel protein 1 (VDAC1) as a loading control,
as it does not differ among metabolic states (Chung, 2013), and was used previously as a
loading control in 13-lined ground squirrels in the work of Xu et al. (2013) and Chung et
al. (2013). Membranes were prepared as above, and were then treated with AntiVDAC/Porin primary antibody (ab14734, host: mouse; Mitosciences) at 1:1000 dilution
in 5% BSA TBST for 2hours at room temperature.
Membranes were then washed 4 times with TBST for 10 minutes, and then treated
with a donkey anti-mouse horseradish peroxidase secondary antibody at a 1:5000 dilution
in 5% BSA TBST for 1hour at room temperature. Membranes were then washed 4 times
with TBST for 10 minutes.
Membranes were treated with enhanced chemiluminescence reagent (Luminata
Forte Western HRP Substrate, Millipore). Immunoreactive bands were imaged with a
	
  

28	
  

VersaDoc Imaging System (Bio-Rad, Richmond, CA). Densitometry was performed with
Image Lab Software 3.0 (Bio-Rad).
2.9 Cytochrome C oxidase activity assay.
The activity of cytochrome C oxidase from frozen mitochondrial samples was
determined to further characterize mitochondrial respiration. This activity was
determined using 10µL of purified mitochondrial suspension combined with 200µL
double distilled water and sonicated 3 times for 10 seconds, with 30 seconds rest on ice
in-between. Each sample was prepared in triplicate on a 96-well plate with 272µL
phosphate buffer (10mM KH2PO4 pH 7.4 at 37°C), 25µL of Cytochrome C solution
(0.40mM cytochrome C, acidified with 10µL 1M HCl and reduced by crystals of NaBH4)
and 12µL mitochondrial suspension. Absorbance at 550nm was measured at 37°C, for 2
minutes at 10second intervals, using a spectrophotometer.
Enzyme activity was calculated using the following formula:
U/mg protein =

(ΔA/min) * D * 309µL
ε * 12µL * P

Where U is the µmol of substrate converted to product/min, ΔA/min is the change
in absorbance at 550nm per minute, D is the dilution factor of the mitochondrial
suspension (20), 390µL is the total reaction volume in the well, ε is the extinction
coefficient of cytochrome C (27.7mM-1cm-1), 12µL is the volume of the sample, and P is
the mitochondrial protein concentration of the original suspension (mg protein/mL, as
determined by Bradford assay).

	
  

29	
  

2.10 Data Analysis.
All data presented are mean ±SEM. In all cases P < 0.05 was considered
statistically significant. Differences in succinate-fuelled state 3 and 4 respiration rates
among different metabolic states were analyzed using a one-way ANOVA and post hoc
Tukey’s test. Differences in succinate-fuelled state 3 and 4 respiration rates among
metabolic states and within treatment groups (palmitoyl CoA, butylmalonate, carnitine,
palmitoyl-carnitine) were analyzed using a two-way ANOVA and post hoc LSD test
(percent values were arcsine transformed prior to statistical testing). Differences in
enzyme activity among metabolic states were analysed by one-way ANOVA with post
hoc Tukey’s test. Differences in protein abundance as determined by Western blotting
were analyzed by one-way ANOVA and post-hoc Tukey’s test. All statistical analyses
were completed using SPSS 20.0 (IBM, Armonk NY).
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CHAPTER 3
RESULTS
3.1 Whole animal characteristics.
Whole animal body weight was measured weekly during cage changes during the
summer (May-October). Once hibernation began, animals were left undisturbed, however
animals sampled throughout the hibernation season (January-March) were weighed prior
to sampling. A pattern of weight gain during summer months followed by weight loss
during the hibernation season was observed (figure 3.1).
The Tb of all animals was monitored using radio telemetry implants. As animals
entered the hibernation season, periods of torpor (Tb= ~5°C) were observed, lasting from
5-14 days, interrupted by short periods (~8 hours) of IBE (Tb= ~37°C), which alternated
cyclically throughout the hibernation season (figure 3.2).
3.2 Mitochondrial respiration.
State 3 succinate-fuelled liver mitochondrial respiration was not significantly
different between Summer and IBE groups (P = 0.974). There was significant
suppression of State 3 respiration in torpid animals when compared with both IBE and
SA (48 and 44% respectively; P < 0.05, figure 3.3). The ANOVA reported a significant
difference between state 4 succinate-fuelled respiration (P < 0.05, figure 3.3), however a
post hoc Tukey’s test did not find any significant pair-wise differences among groups,
although torpor was nearly significantly different from summer (P = 0.055).
It has been assumed that any apparent differences among metabolic states are the
result of changes in the activity of oxidative phosphorylation enzymes. However, an
alternative explanation is that the concentration of mitochondrial proteins that do not
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Figure 3.1 Mass of 13-lined ground squirrels (Ictidomys tridecemlineatus) from May
2012-March 2013. Data are means ± SEM, (except in cases of n=1). Weights of summeractive squirrels were measured weekly during cage changes from May 2012-October
2012 (n = 9-24). Weights of winter squirrels (torpid and IBE) were recorded following
euthanasia throughout January 2013-February 2013 (n = 1-4, squirrels are pooled by the
week in which they were sampled). Dashed line indicates ambient temperature of the
chamber the animals were housed in.
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Figure 3.2 Core body temperature of a hibernating 13-lined ground squirrel
(Ictidomys tridecemlineatus) measured by a temperature sensing radiotelemetry
implant in the present study. Top panel shows the core body temperature of an
individual animal over the course of the hibernation season, showing repetitive cycling
between torpor and inter-bout euthermia (IBE). Cutaway shows the core body
temperature of the same individual undergoing a single interbout arousal, beginning in
torpor, followed by arousal, IBE and concluding with entrance back into torpor.
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Figure 3.3 Succinate-fuelled State 3 and State 4 respiration rates of liver
mitochondria of summer, interbout euthermic (IBE) and torpid 13-lined ground
squirrels measured in vitro at 37°C. Data are means ± SEM. Asterisk indicates
significant difference among metabolic states (IBE n = 5, summer n = 6, torpid n = 6, P <
0.05), as determined by one-way ANOVA.
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contribute to oxidative phosphorylation (eg. urea cycle enzymes) change among
metabolic states, causing respiration, expressed relative to total mitochondrial protein, to
change as well. To differentiate between these possibilities we standardized respiration
rate to the activity of cytochrome C oxidase, an ETC enzyme that does not display
differential regulation by phosphorylation among metabolic states (Chung et al., 2013).
The activity of cytochrome C oxidase was measured in liver mitochondria purified from
summer, IBE and torpid animals. If the decline in respiration rate of torpid mitochondria
was due to changes in mitochondrial proteins, I would predict a similar pattern in
cytochrome C oxidase activity (expressed per mg mitochondrial protein). However,
cytochrome C oxidase activity did not decline in torpor, but in fact was significantly
higher than either summer or IBE animals (65% and 66% respectively, P < 0.001, figure
3.4). I then divided respiration rates (expressed relative to mitochondrial protein) by
cytochrome C oxidase activity (also expressed relative to mitochondrial protein), yielding
respiration rates relative to cytochrome C oxidase activity, thereby eliminating any effect
of mitochondrial protein content. When respiration was expressed this way, state 3
respiration was not significantly different between Summer and IBE (P = 0.351; figure
3.5), but there was significant suppression in torpid animals when compared with both
IBE and SA (67 and 60% respectively; P < 0.05; figure 3.5). State 4 succinate-fuelled
liver mitochondrial respiration was also significantly lower in torpor than in summer or
IBE animals (P < 0.05, figure 3.5).
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Figure 3.4 Cytochrome C oxidase activity is significantly higher in torpid
mitochondria than mitochondria from summer and IBE animals. The activity of
cytochrome C oxidase mU (10-3 µmol of substrate converted to product/min) was
assessed in liver mitochondria isolated from summer, interbout euthermic (IBE) and
torpid animals. Data are means ± SEM. The asterisk indicates activity of cytochrome c
oxidase was found to be significantly higher in torpor than summer and IBE (P < 0.05),
as assessed by one-way ANOVA and post hoc Tukey test (Summer n= 6, IBE n= 4,
torpid n= 6).
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Figure 3.5 Succinate-fuelled State 3 and State 4 respiration rates relative to
cytochrome c oxidase activity of liver mitochondria among metabolic states.
Respiration relative to cytochrome c oxidase activity was assessed in liver mitochondria
isolated from summer, interbout euthermic (IBE) and torpid 13-lined ground squirrels
measured in vitro at 37°C. Data are means ± SEM. Asterisk indicates significant
difference among metabolic states (IBE n = 4, summer n = 6, torpid n = 6, P < 0.05), as
determined by one-way ANOVA and post hoc Tukey test.
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3.3 No difference in ETC complexes II-V subunit abundance among metabolic
states.
To further confirm that changes in respiration seen in torpid mitochondria are due
to regulatory differences among states, rather than differences in abundance in ETC
proteins, the abundance of ETC complexes I through V was determined by Western blot
analysis. Each ETC complex was identified with an antibody specific to one of its
subunits (complex I: subunit NDUFB8, complex II: subunit 30kDa, complex III: Core
protein 2, complex IV: subunit I, ATP synthase alpha subunit). Protein levels were
standardized to VDAC1, an outer mitochondrial membrane housekeeping protein that did
not to differ significantly among metabolic states (P=0.376, one-way ANOVA),
confirming VDAC1 was an appropriate loading control. Analysis with a one-way 	
  
ANOVA and post-hoc Tukey’s test revealed that protein abundance of ETC complex I
was significantly higher in IBE than in summer or torpid animals (n = 4 for each
metabolic state, P < 0.05, figure 3.6). While protein abundance of ETC complexes II, III,
IV and V showed no significant differences in protein abundance among metabolic states
(figure 3.6). As work in this thesis is conducted in the presence of the ETC complex I
inhibitor rotenone, these results imply that the metabolic suppression observed in torpor
is not attributable to a decrease in the abundance of this ETC protein or any ETC
complex downstream of complex II.
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Figure 3.6 Protein abundance of electron transport chain (ETC) complexes I-V
among metabolic states, analyzed by Western blot analysis. Each ETC complex was
identified by an antibody specific to an associated subunit; complex I subunit NDUFB8;
complex II subunit 30kDa; complex III Core protein 2; complex IV subunit I; complex V
alpha subunit. Protein levels were determined by densitometry, standardized to VDAC1.
Panel A shows a representative blot for ETC complexes I-V and VDAC1. Panel B shows
protein abundance amongst summer, interbout euthermic (IBE) and torpid animals.
Asterisk indicates a significant difference in protein abundance among metabolic states (n
= 4 for each metabolic state, P < 0.05), as determined by one-way ANOVA and post hoc
Tukey’s test. All data presented as mean ± SEM.
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3.4 Suppression of mitochondrial respiration by butylmalonate, palmitoyl CoA and
the effect of carnitine.
In order to choose the concentration of palmitoyl CoA that stimulated maximal
inhibition of succinate fuelled state 3 respiration, a titration of increasing concentrations
of palmitoyl CoA was performed as a preliminary experiment, identifying 2.5µM as the
ideal concentration (figure 3.7). At this concentration, Palmitoyl CoA caused significant
suppression of succinate fuelled state 3 respiration rates in both IBE and torpid
mitochondria (Figure 3.8).
State 3 respiration rates were analyzed by determining the percent of suppression
relative to a paired control for each treatment. In order to normally distribute the data set,
percent values were arcsine transformed prior to statistical tests. Butylmalonate (a known
inhibitor of the DCT) induced significant suppression (43% in torpor and 27% in IBE, P
< 0.05, figure 3.9). However, palmitoyl CoA induced even greater suppression from
control (72% in torpor and 87% in IBE, P < 0.05, figure 3.9) than butylmalonate.
Treatment with palmitoyl CoA followed by carnitine did not elicit the predicted rescue of
respiration, and respiration rate remained statistically indistinguishable from the
Palmitoyl CoA treatment (89% in torpor and 69% in IBE, P = 0.717, figure 3.9). No
significant differences were seen between metabolic states, and post hoc LSD test
revealed no significant interactions.
3.5 Effect of carnitine on mitochondrial respiration.
Carnitine had no significant effect (P = 0.269) on succinate fuelled mitochondrial
respiration rate (figure 3.10), indicating that carnitine is unable to reverse the suppression
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Figure 3.7 Titration of inhibitory effect of palmitoyl CoA on state 3 succinate-fuelled
respiration in 13-lined ground squirrel mitochondria. Data are means ± SEM. State 3
respiration was established in purified mitochondria from summer animals (n=3), and
0.5µM additions of palmitoyl CoA were sequentially added to a final concentration of
2.5µM. Respiration rates were measured when they reached a steady state following each
addition.
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Figure 3.8 Palmitoyl CoA suppresses succinate-fuelled state 3 respiration rates of
liver mitochondria of torpid and interbout euthermic (IBE) 13-lined ground
squirrels. Open bars denote the control treatment, while shaded bars display treatment
with palmitoyl CoA (2.5µM). Data are means ± SEM. Asterisks indicate a significant
difference between metabolic state, in both states palmitoyl CoA significantly suppresses
respiration (IBE n = 5, torpid n = 6), as assessed by two-way ANOVA (P < 0.05).
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Figure 3.9 Percent suppression of respiration rate in interbout euthermic (IBE) and
torpid liver mitochondria following treatment with butylmalonate, Palmitoyl CoA
and Carnitine compared to paired control. Data are the mean percent suppression of
the paired control ±SEM, following additions of butylmalonate (200µM), palmitoyl CoA
(2.5 µM) and carnitine (5mM). Different letters indicate a significant difference between
treatments (P < 0.05). No significant difference was seen between metabolic state (IBE n
= 5, torpid n = 6), and post hoc least squares difference test revealed no significant
interactions.
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Figure 3.10 Carnitine has no rescuing effect on respiration rates of the liver
mitochondria of torpid 13-lined ground squirrels. The succinate-fuelled State 3
respiration rates of liver mitochondria of interbout euthermic (IBE) and torpid animals.
Open bars denote the control treatment, while shaded bars display treatment with
carnitine (5mM). Data are means ± SEM. Different letters depict a significant difference
of respiration rate between metabolic state (IBE n = 5, torpor n = 6) No significant
difference was found between treatments, indicating carnitine has no effect on
mitochondrial respiration, and does not reverse the suppression observed in the liver
mitochondria of torpid 13 lined ground squirrels.
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observed in the liver mitochondria of torpid 13 lined ground squirrels. Additionally,
palmitoyl-carnitine (the combined product palmitoyl CoA and carnitine by CPT) had no
significant effect on respiration (appendix B).
3.6 Carnitine palmitoyl transferase activity among metabolic states.
Carnitine was expected to increase respiration rates of torpid mitochondria or
restore respiration rates of mitochondria suppressed by the addition of palmitoyl CoA,
however it had no such “rescuing” effect in either case (figure 3.10 and 3.9 respectively).
So in order to further explore whether CPT (the enzyme responsible for binding carnitine
to palmitoyl CoA, thereby facilitating transport into the matrix by CAT) might differ
among metabolic states, I assayed total CPT activity in liver mitochondria. The activity of
CPT did not differ significantly among metabolic states (P = 0.889, figure 3.11),
suggesting that the capacity to form palmitoyl-carnitine operates consistently among
metabolic states.
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Figure 3.11 Carnitine palmitoyl transferase activity among metabolic states. The
activity of carnitine-palmitoyl transferase was assessed in liver mitochondria isolated
from summer, interbout euthermic (IBE) and torpid animals. Data are means ± SEM.
One-way ANOVA and a post hoc least square difference test found there was no
significant difference among metabolic states (Summer n = 6, IBE n = 5, torpid n = 6).
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CHAPTER 4
DISCUSSION
4.1 Palmitoyl CoA and butylmalonate cause suppression of succinate-fuelled
respiration rates.
Palmitoyl CoA abruptly suppressed succinate-fuelled state 3 respiration by 7080% (relative to paired control values) in both torpid and IBE mitochondria, while
butylmalonate, a well documented inhibitor of the DCT (Johnson and Chappell, 1973;
Robinson and Chappell, 1967; Robinson and Williams, 1970), only inhibited respiration
by 30-40% (figure 3.9). Inhibition of the DCT by butylmalonate confirms that inhibition
of succinate transport into the mitochondrial matrix is indeed a mechanism capable of
significantly suppressing mitochondrial respiration, comparable to the effect seen in
torpid hibernators (44%; figure 3.3). However, contrary to my prediction, inhibition of
respiration was observed in liver mitochondria isolated from both IBE, and torpid ground
squirrels (figure 3.9). If respiratory suppression in torpor is indeed a reflection of
inhibition of succinate transport at the DCT, then I predicted that the DCT of torpid
mitochondria would have already been significantly inhibited, and therefore less
susceptible to further inhibition by butylmalonate.
Similarly, and once again contrasting to my initial prediction, the suppression of
respiration by palmitoyl CoA was observed in both IBE as well as torpid mitochondria to
comparable degrees. If palmitoyl CoA was solely inhibiting succinate transport, I
predicted that respiration rates in both torpor and IBE would be inhibited to the same
level. However, respiration rates of IBE mitochondria were still significantly higher than
those of torpid mitochondria following treatment with palmitoyl CoA (figure 3.8). If
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torpid mitochondria were already be inhibited by long chain acyl CoAs, I would have
expected them to be less susceptible to further additions of palmitoyl CoA.
Although palmitoyl CoA significantly suppressed mitochondrial respiration, the
extent of suppression observed exceeds the maximal suppression obtained from the
synthetic DCT inhibitor butylmalonate (figure 3.9). This raises the possibility that
palmitoyl CoA may be suppressing respiration via some other mechanism, either in
addition to, or instead of, inhibition of succinate transport at the DCT. Although
palmitoyl CoA’s inhibition of the DCT has been substantiated by swelling studies,
confirming that it causes inhibition of the DCT (Ventura et al., 2005), long chain-acyl
CoAs have also been shown to inhibit the adenine nucleotide translocator (ANT, Lerner
et al., 1972; Pande and Blanchaer, 1971), which is responsible for the exchange of ADP
and ATP across the IMM. Inhibition of the ANT would effect a shortage of ADP in the
mitochondrial matrix, limiting the activity of ATP synthase, and effectively impeding
respiration. Inhibition of both the DCT as well as the ANT could explain the greater
extent of suppression than would be expected if only the DCT was inhibited (for
summary see figure 4.1).
In order to confirm the involvement of the DCT, I attempted mitochondrial
swelling studies to measure the exchange rate of succinate for Pi, to determine if there is a
difference in the activity of the DCT between IBE and torpid mitochondria. Similar
studies were successfully performed in rats by Ventura et al. (2005), and in our own lab
in sparrow liver mitochondria. However, when I attempted this technique on 13-lined
ground squirrels liver mitochondria the measurements were not successful, and I had an
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Figure 4.1 Adjusted model of the proposed effect of fatty acyl-CoAs and succinate
transport on mitochondrial respiration. Butylmalonate, a known inhibitor of the
dicarboxylate transporter (DCT) caused a ~40% suppression of succinate-fuelled
respiration in both torpid and IBE mitochondria, while treatment with a fatty acyl CoA
caused a ~70% suppression. As fatty acyl-CoAs are capable of inhibition of both the
DCT and the adenine nucleotide transporter (ANT), both of which could contribute to
decreased respiration, therefore the percent attributable to each remains unknown. The
addition of carnitine following treatment with fatty acyl-CoAs did not increase
respiration, despite confirmed activity of carnitine palmitoyl transferase (CPT I). Dashed
lines indicate inhibited processes, solid lines indicate operating processes.
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insufficient quantity of mitochondria to perfect the technique. As a result I cannot assess
how much of the total respiratory suppression caused by palmitoyl CoA is occurring at
the DCT and how much suppression is occurring elsewhere, such as the ANT. Ventura et
al. (2005) found that, while butylmalonate caused a ~50% reduction in the function of the
DCT in rat mitochondria, treatment with palmitoyl CoA effected only a ~25% reduction.
I could then speculate that palmitoyl CoA is only about half as effective at inhibiting the
DCT as butylmalonate. Applying this to my respiration data (~40% and ~70%
suppression by butylmalonate and palmitoyl CoA respectively), suggests that palmitoyl
CoA likely contributes a smaller proportion of suppression at the DCT than
butylmalonate (>40%), while the rest of suppression is contributed at the ANT or
elsewhere (see figure 4.1 for summary).
4.2 Carnitine does not reverse respiratory suppression in either torpid or palmitoyl
CoA treated mitochondria.
Although palmitoyl CoA inhibited mitochondrial respiration, the addition of
carnitine to mitochondria treated with palmitoyl CoA did not have a ‘rescuing’ effect on
respiration as predicted (figure 3.9), nor did carnitine significantly increase respiration in
torpid mitochondria (figure 3.10). I predicted that the addition of carnitine would
facilitate fatty acyl CoAs transported to the matrix, relieving any accumulation of fatty
acyl CoAs in the IMS that might inhibit the DCT and, as a result, succinate transport
would resume and respiration would increase (figure 1.4). This prediction was further
supported by the work of Nelson et al. (2009) who found carnitine concentrations in liver
tissue to be higher in arousing and IBE animals, but low in torpid hibernators. However
as their work was performed in homogenized liver tissue (Nelson et al., 2009), I am
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unable to distinguish whether these higher carnitine concentrations in IBE occur in the
mitochondria or in the cytosol.
However, Pande and Blanchaer (1971), and Lerner et al. (1972), independently
reported that inhibition of the mitochondrial ANT by palmitoyl CoA in rat heart
mitochondria could be largely reversed by the addition of carnitine. This, they suggested,
was a result of palmitoyl CoA transport into the matrix; a mechanism that, if operating as
suggested, may have similarly reversed any inhibition of the DCT caused by palmitoyl
CoA (figure 1.4). These studies also confirm that in non-hibernating rodents (Lerner et
al., 1972; Pande and Blanchaer, 1971), carnitine is able to enter the IMS of isolated
mitochondria. However it appears that this same mechanism cannot be applied to the
inhibition of respiration affected by palmitoyl CoA in hibernator liver mitochondria.
Carnitine’s failure to reverse the respiratory suppression resulting from treatment
with palmitoyl CoA, suggested the possibility that the activity of CPT may be suppressed
in hibernators, thus inhibiting fatty acyl CoA transport into the matrix. Composition of
the IMM changes as hibernators transition between metabolic states (Armstrong et al.,
2011; Chung et al., 2011), and as a membrane bound protein, CPT could be affected. If
CPT activity decreases solely due to membrane remodelling, the presence of carnitine to
intact mitochondria would have little effect, as low CPT activity would decrease the rate
of formation of palmitoyl carnitine (figure 1.4). However total CPT activity did not differ
significantly among summer, IBE or torpid animals (figure 3.11), thus eliminating the
possibility that inhibition of CPT was limiting the movement of palmitoyl CoA into the
matrix.
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One possibility as to why carnitine was unable to reverse the suppression caused
by palmitoyl CoA is that the experimental system did not permit carnitine adequate time
to eliminate palmitoyl CoA from the IMS. In hibernators, arousal from a bout of torpor
occurs on the scale of hours (Staples and Brown, 2008), however purified mitochondria
respiring in vitro at 37°C degrade over time, and as a result, experiments must be
completed within approximately one hour. From the time carnitine was added to the
respirometry chambers, ~4 minutes elapsed before respiration rate was recorded (see
figure 2.2 for a representative trace of the sequence and timing of additions to the
oxygraph chamber). The time scale, and concentrations of palmitoyl CoA and carnitine
used in this experiment were comparable to those of previous work on suppression of
respiration by palmitoyl CoA and its reversal by carnitine in rat liver mitochondria
(Pande and Blanchaer, 1971; Wood et al., 1977). However it is possible that in 13-lined
ground squirrels the ‘rescuing’ effect of carnitine on mitochondrial respiration may
require more time, on the scale of hours, and were therefore not observed in this
experiment. Wood et al. (1977) observed increasing palmitoyl CoA concentration (in the
presence of carnitine) positively correlated with an increasing delay in the onset of state 3
respiration of liver mitochondria in rats. Therefore, as a saturating palmitoyl CoA
concentration was used in this experiment, the correlation suggested by Wood et al.
(1977) would introduce a significant delay in the onset of state 3 respiration rate, which
may have been missed by the time limit imposed by this experimental system.
A second explanation as to why carnitine was unable to reverse suppression of
respiration may be due to the physical structure of a fatty acyl CoA. Fatty acyl CoAs are
comprised of a polar adenosine-phosphate head group attached to a lipophilic long-chain
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fatty acid tail. Duszynski and Wojtczak (1974) speculated that the lipophilic hydrocarbon
tail of fatty acyl CoAs embed themselves into the mitochondrial membrane, acting as an
anchor, leaving the polar adenine-phosphate head group free to competitively inhibiting
mitochondrial transporters. This speculation may explain why, despite the disruption
caused by physically isolating mitochondria from tissue, suppression due to fatty acyl
CoAs would persist in purified mitochondrial samples, supporting the original
hypothesis. However the other implication this may have is that once suppression by fatty
acyl CoAs occurs (in this case by addition of palmitoyl CoA), reversal is difficult due to
the anchoring effect of the fatty acid tails, and even in the presence of carnitine their
affinity for the mitochondrial membrane might limit association with CPT and therefore
prevent subsequent transport into the matrix by CAT. However, that being said,
hibernators survive the entire winter on endogenous fat stores, which in order to be used
must be converted to fatty acyl CoAs and pass through the IMM on their way to βoxidation in the matrix; implying that affiliation with the mitochondrial membrane is not
entirely irreversible, but again, may occur more slowly than could be observed by the
current experiment.
4.3 Liver mitochondrial respiration in torpid, interbout euthermic (IBE) and
summer 13-lined ground squirrels.
The liver alone does not account for all of the metabolic suppression observed in
hibernators (~95%; Geiser and Ruf, 1995). However it consumes ~20% of total inspired
oxygen (in rates; Rolfe and Brown, 1997), and I showed that succinate-fuelled liver
mitochondrial respiration was suppressed by 44% in torpor relative to IBE (37°C; figure
3.3), suggesting that active suppression in the liver could accounts for a 8.8% reduction in
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whole animal oxygen consumption, with no change in Tb. During entrance into a torpor
bout whole animal oxygen consumption declines before Tb (reviewed in Staples and
Brown, 2008), so mitochondrial suppression in metabolically important tissues, such as
liver, may be especially important during the early stages of entrance. As entrance
progresses, the passive thermal effects of lowering Tb from 37°C to 5°C further decrease
metabolism in these tissues. Regardless of the contribution to whole-animal metabolism
in hibernators, the suppression of succinate-fuelled respiration in liver mitochondria
happens rapidly and reversibly in ground squirrels, offering a good model to study the
plasticity and regulation of mitochondrial metabolism.
As in previous studies, succinate-fuelled state 3 respiration rates of isolated torpid
mitochondria were significantly suppressed compared to mitochondria from summer and
IBE animals (Armstrong and Staples, 2010; Barger et al., 2003; Brown et al., 2012;
Chung et al., 2011; Muleme et al., 2006; Pehowich and Wang, 1984). State 4 respiration
rates were used to calculate the respiratory control ratio (RCR; state 3 /state 4), an
indication of how well coupled substrate oxidation is to ATP synthesis, which generally
relates to the integrity of the IMM. Mean RCRs for this study were 2.82 in torpor, 3.23 in
IBE and 3.67 in summer animals; which are comparable to RCRs of previous studies
(Armstrong and Staples, 2010; Brown et al., 2012), and indicate well coupled
mitochondria.
Traditionally, mitochondrial respiration rates are expressed relative to total
mitochondrial protein (figure 3.3). However, if the concentrations of mitochondrial
proteins that do not contribute to oxidative phosphorylation, such enzymes of the urea
cycle, change among metabolic states, the respiration rates expressed this way will
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change as well. Guderley et al. (2005) explored alternative methods of expressing
mitochondrial respiration by standardizing rates relative to mitochondrial content of
phospholipids, transporters and ETC cytochromes . In the current study, mitochondrial
respiration rate was calculated relative to the activity of cytochrome c oxidase (ETC
complex IV, figure 3.5), to provide an independent means of assessing respiration. This
method showed torpid mitochondria to be significantly suppressed (figure 3.5), which is
consistent with the respiration rates calculated relative to total mitochondrial protein
(figure 3.3). I can conclude that suppression of respiration in torpor is not attributable to a
change in the relative abundance of mitochondrial proteins and, therefore, that expressing
respiration relative to total mitochondrial protein remains an appropriate method.
A second concern was that the any differences in respiration rate among
metabolic states were due to differences in the relative abundance of different ETC
proteins. Western blot analysis showed that although the abundance of ETC complex I
was higher in IBE than torpor or summer animals, all other ETC complexes (II-V)
remained consistent among metabolic states (figure 3.6). In this study, all rates of
respiration recorded were succinate fuelled, and in the presence of rotenone (ETC
complex I inhibitor). Therefore the ETC complexes II – IV, contributing to the respiration
rates I measured, did not differ significantly among metabolic states, implying that the
metabolic suppression observed in torpor is not attributable to a changes in ETC protein
densities, but rather a regulated change in oxidative phosphorylation.
4.4 Conclusions and future directions.
A principal limitation imposed by this experimental system was small sample
size. There were a limited number of animals in our colony, as they are obtained from the
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wild, and capture is limited to a short time period, placing a constraint on the number of
biological replicates for all experiments performed in this thesis. Furthermore sampling
hibernating animals imposed timing constraints, as data could only be collected
seasonally, as the hibernation season is limited to October-March and animals do not
hibernate in summer months. The spontaneous nature of IBE further added to the strict
limitations as to when an animal could be sampled. Additionally there is a limitation to
the quantity of mitochondria that can be purified from the liver due to its small size (~5g),
and mitochondrial purification, while decreasing contamination of samples, decreases the
overall mitochondrial yield. Overall this places a physical limit on the number of
experiments that can be performed on a single biological replicate. Finally, and arguably
one of the most important limitations to be considered, is the viability of purified
mitochondria over time. In the purification process mitochondria are physically
homogenized from living tissue, and maintained on ice suspended in a buffer made to
approximate the conditions in the cell. In these conditions the mitochondria only remain
viable for a limited time (on the scale of hours). Once introduced to the oxygraph, where
their respiration rate is measured at 37°C while undergoing constant turbulence due to
stirring, the mitochondria’s viability is limited to ~45 minutes. These strict time
limitations impose serious constraints to experimental design. In biological systems
palmitoyl CoA may be cleared from the inner mitochondrial membrane by carnitine on
the scale of hours, however in this system I was only able to observe a period on the scale
of minutes, which does not allow for a full exploration of the proposed model.
Inhibition of succinate transport by butylmalonate suggests that inhibition of the
DCT has the potential to suppress succinate fuelled state 3 respiration. There is no doubt
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that palmitoyl CoA is a potent inhibitor of mitochondrial respiration, capable of
inhibiting succinate-fuelled respiration. However this suppression may not be solely
related to inhibition of succinate transport into the matrix by the DCT, and is likely
causing respiratory suppression by inhibiting additional mitochondrial transporters such
as the ANT. Regardless, the unexpected inhibition of already suppressed torpid
mitochondria, by both butylmalonate and palmitoyl CoA, suggests that inhibition of
succinate transport at the DCT is likely not the central mechanism operating to suppress
respiration during torpor. The data instead suggest that such a mechanism likely occurs
downstream of succinate transport at the DCT. Carnitine had no rescuing effect on torpid
mitochondria, nor on mitochondria suppressed by treatment with palmitoyl CoA, despite
confirmed activity of CPT, suggesting that fatty acyl CoAs were not being removed from
the IMS (for summary see figure 4.1).
Butylmalonate is a competitive inhibitor of the DCT (Coty and Pedersen, 1974;
Crompton et al., 1974; Robinson and Chappell, 1967) caused only partial inhibition of
succinate oxidation (~40%; figure 3.9). This partial inhibition may have resulted because
the concentration of succinate in this design was very high (10µM). Competitive
inhibitors may increase the Km (substrate concentration at which the reaction rate is at
50% of the maximum reaction rate, Vmax) of the substrate, however the Vmax does not
change (Chou, 1976). Therefore, with a high enough substrate concentration, in this case
succinate, the effects of an inhibitor may be diminished. Although the physiological
concentration of succinate during in vivo mitochondrial metabolism is not known, it is
likely much lower than 10µM (Brown et al., 2013). Therefore I feel it would be
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interesting to determine if lower concentrations of succinate would permit greater
inhibition of the DCT by butylmalonate.
To clarify the involvement of the DCT in the inhibition of mitochondrial
respiration by long chain acyl CoAs, the effect of long chain acyl CoAs on glutamatefuelled state 3 respiration should be investigated. If long chain acyl CoAs differentially
suppress glutamate-fuelled respiration rates relative to succinate-fuelled respiration rates,
then it could be concluded that some inhibition of succinate transport at the DCT is
occurring, (as succinate is solely transported by the DCT, and glutamate by multiple
independent transporters). However if suppression is relatively similar, it would indicate
that the effects of long chain acyl CoAs on respiration does not involve the DCT.
Despite the observation that inhibition of succinate transport at the DCT is not the
principle mechanism behind the suppression observed in torpid hibernators, other
potential roles for fatty acyl CoAs in hibernation have yet to be sufficiently explored.
Inhibition of the ANT by fatty acyl CoAs in non-hibernators is well established in the
literature, as well as its potential for the reversal of this suppression by carnitine (Lerner
et al., 1972; Pande and Blanchaer, 1971; Shug et al., 1971; Wood et al., 1977). As
transport of ADP into the mitochondrial matrix by ANT is a requirement for ATP
synthesis, inhibition of the ANT would cause a suppression of respiration, similar to that
seen in torpor, suggesting a physiological role for long chain fatty acyl CoAs in the
regulation of mitochondrial respiration in hibernation.
One other potential direction for this research, is to design an experiment that
examines a longer period of time following additions of carnitine, which may provide
adequate time for 1) dissociation of fatty acyl CoAs from the mitochondrial membrane,
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and 2) the action of CPT and CAT to remove fatty acyl CoA from the IMS. Another
avenue to determine why carnitine was unable to reverse suppression induced by
palmitoyl CoAs would be to determine the activity of CAT, which could be inhibited in
torpor, preventing movement of fatty acyl CoAs in the matrix. Finally, although
unsuccessfully attempted in this study, completion of mitochondrial swelling studies in
hibernators to examine the activity of succinate transport at the DCT among different
metabolic states could provide an excellent insight into whether further research into
inhibition of the DCT is warranted.
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Appendix B)

Figure B.1 Palmitoyl-carnitine has no effect on state 3 succinate fuelled
mitochondrial respiration of liver mitochondria in interbout euthermic (IBE) and
torpid 13-lined ground squirrels at 37°C. Data are means ± SEM. Succinate fuelled
state 3 respiration was established, and immediately followed by the addition of
palmitoyl-carnitine. Once respiration rates reached a steady state they were recorded. A
control treatment (identical to the experimental treatment, but receiving equivalent
volumes of MiR05 buffer solution in place of palmitoyl-carnitine) was run in tandem
with the experimental treatment. Different letters depict a significant difference of
respiration rate between metabolic state (IBE n = 5, torpor n = 6) No significant
difference (P = 0.308) was found between treatments, indicating that palmitoyl-carnitine
had no effect on mitochondrial respiration.
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